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Weakly Interactive Massive Particles are among the most motivated candidates invoked to solve 
the Dark Matter puzzle. The stabihty of Dark Matter (DM) typically results from a global protective 
symmetry. However, the presence of gravitational effects may cause its explicit breaking. We study 
the presence of such effects on WIMPs and show that in addition to providing a new source of signal 
for indirect DM searches and an interplay with direct detection, a large class of decaying Dark 
Matter models can be embedded into the WIMP paradigm. Taking into account the recent Hmits 
on DM lifetimes, we show that forbidding only the dimension five (Planck-suppressed) operators is 
generally sufficient to ensure the validity of the WIMP candidate. 

PACS numbers: 95.35. +d, 98.80.Cq 
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It has been conjectured and argued that non- 
perturbative gravitational effects break all global (contin- 
uous and discrete alike) symmetries [U ^ . The original 
motivation was based on black hole physics arguments 
but since then perturbative string theory has confirmed 
this conjecture in various cases [5] . Such gravitational ef- 
fects have already been considered in a number of scenar- 
ios and models invoked to solve fundamental theoretical 
problems [3lfTT| . Here, we turn our attention to the con- 
sequence of such a claim on dark matter phenomenology, 
in the particular case of weakly interacting dark matter 
candidates. 

There is, indeed, considerable evidence in favor of the 
existence of dark non-baryonic matter in the universe; 
arising from very different scales. However, despite the 
ongoing efforts since decades, identifying the nature of 
DM remains a major problem in modern physics. 

Weakly Interacting Massive Particles (WIMPs) [H] 
present in various extensions of the Standard Model (SM) 
are among the best motivated candidates for cold DM, as 
they quite naturally account for the observed rehc abun- 
dance. Indeed, their abundance at freeze-out epoch is: 



ilcDuh^ ^ 0.1 



3 X 10^^^ cm'^s 

(o-y)f.o. 
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where {<7v)f,o. is the thermal average of the annihilation 
cross-section of DM into lighter particles at freeze-out. 
For masses in the range from GeV to few TeV, WIMPs 
have a typical weak strength interactions cross-sections, 
passing all constraints arising from Big-Bang Nucleosyn- 
thesis (BBN), Cosmic Microwave Background (CMB) 
and structure formation. This non-trivial interplay 
between the weak-scale physics and the cosmological 
dark matter has been dubbed as the "WIMP miracle" . 



Besides theoretical motivation and consistency, the 
WIMP paradigm provides positive direct and indirect de- 
tection prospects, owing to the eventual recoil off nuclei 
and annihilation into photons, neutrinos and/or charged 
particles. The increasing level of sensitivity that WIMP 
direct [TBHTS] and indirect detection experiments [TBl - 
I18j are reaching and the possibility of complementary 
searches [IH] with the LHC open great hopes that this 
goal will finally be reached soon. 

However, WIMPs are generally assumed to be stable 
particles. This is achieved in most models by means of an 
imposed global symmetry (usually a. Z2) that forbids the 
decay of the DM candidate to lighter states. Therefore 
unless the symmetry responsible for the DM stability is 
local, it is expected to be broken at short distances by 
gravitational effects leading to a decaying WIMP DM. 
We can, however, arrange the model such that there is 
an accidental symmetry stabilizing the DM at the level 
of renormalizable operators, leaving the planck-mass sup- 
pressed dimension five and higher operators responsible 
of the decay. 

From the phenomenological point of view absolute sta- 
bility is not a necessary condition for DM candidates. 
Instead, what is required is a lifetime larger than the 



age of the Universe H 



10 s, where H is the Hub- 
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ble constant. Cosmic and gamma rays analysis con- 
strain the lifetime of a DM candidate even further to 
be TDM > lO^^s [20l - f23| . Therefore the main question to 
be addressed is what are the constraints on the gravity- 
induced decay to preserve the validity of the DM candi- 
date. 

On the other hand, decaying DM candidates are com- 
monly assumed to have a non-thermal origin, hence not 
to be WIMPs. Which is indeed the case of particles 
with masses below or much above the weak scale (keV- 
majorons HH US], sterile neutrinos Superheavy 
DM [27]) and/or with extremely weak couplings with SM 
particles (gravitinos [28l ES] for e.g.), however, this not 
necessarily the case of weak-scale DM particles. 
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In this Letter we show that a number of phenomeno- 
logically interesting decaying DM candidates with 
electroweak scale masses and coupUngs fit within a 
WIMP scenario, providing a well controlled cosmological 
history (thermal production) and direct detection pos- 
sibilities. Alternatively the indirect detection prospects 
of WIMPs are enhanced by the new signals which 
arise from the decay, in particular in regions where 
annihilations alone deliver a very faint one. 

Simplest model: In order to illustrate the discus- 
sion, we consider a very simple model, exhibiting generic 
WIMP dark matter features in a broad phenomenological 
range. The SM is extended hy Si {i = 1 ... N) real gauge- 
singlets under an imposed parity symmetry to which the 
SM itself is blind. Note that the stabilizing symmetry 
need not be a Z2; any global (discrete or continuous) 
symmetry that forbids the decay of the lightest Si is a 
valid choice. Alternative SM extensions providing viable 
DM candidates with positive detection prospects have 
been considered for instance in refs. [301 - I32] . 

The above scenario provides a production and ther- 
malization mechanism via Higgs boson exchange (the so- 
called Higgs portal |33j). For small enough the mass split- 
ting [S? , co-annihilations exist between the LSP (lightest 
singlet particle), which is the DM candidate ^i, and the 
remaining S'i>i. In a conventional WIMP dark matter 
scenario our LSP would be stable and the scalar potential 
would read as (summation over indexes is understood): 

Vsym = -^xlH^H + ^lls,s,+ 

XijSiSjH^ H + X'^ji^iSiSjSkSi . (2) 

For the sake of simplicity, we consider the case iV = 2 
and > 0. The latter precludes spontaneous break- 
ing of the Z2 symmetry, and the associated domain walls. 

The dark matter phenomenology of the model is then 
essentially determined by 4 parameters |48|: Mg^, Ms^, 
All a-nd X12. In the absence of coannihilations (A12 — 0), 
All is responsible of the DM abundance as well as direct 
(crsi) and indirect detection {{aAv)) cross-sections. The 
strength of coannihilations is controlled by A12, while A22 
is the Higgs coupling of S2 (the next-to-LSP) to the Higgs 
scalar which has direct impact on the relic abundance of 
Si . This happens in regions of the parameter space where 
the mass splitting is small and coannihilations and anni- 
hilations are inefficient to reproduce a good relic abun- 
dance. In this case the latter could arise partly from the 
early decays of 6*2 — >■ 5*1 . 

We present in Fig. [l] the variation of the thermal av- 
erage of the annihilation cross-section times velocity at 
present time, {<jav), compatible with DM relic abun- 
dance fixing the Higgs mass to 126 GeV [351 |Mj and vary- 
ing the couplings within the limits of perturbativity. The 
results were obtained using the Micromegas code |371l38j . 
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Figure 1: Annihilation cross section {oav) compatible with 
DM relic abundance versus DM mass. No inhibited annihi- 
lation is shown in black, inhibited annihilations (see text) at 
freeze-out larger than 90 and 99 % are shown by the green 
and red shaded regions, respectively. The thermal cross sec- 
tion (aw) = 3 X 10"^®cm^/s and FERMI's constraints for 
annihilation into hb is also shown. 



In the presence of pure annihilations, {<jav) reproduces 
the thermal value {av)f,o. ~ 3 x lO'^'^cm^/s (Eq. [l]). 

Deviations from the thermal value exist in regions 
where the cross-section is velocity-dependent as in the 
case of the Breit-Wigner enhancement at the threshold 
of the Higgs pole [SS]- The expected indirect detection 
signal in this case is at the edge of FERMI's [30] sensi- 
tivity. Another big deviation occurs at the Higgs boson 
mass and is associated with the contact interaction term. 

In regions where {<7v){,o. is dominated by coannihila- 
tion {S1S2 ^ SM -f- SM and/or S'2S'2 ^ SM SM) pro- 
cesses, the annihilation cross-section gets inhibited and 
drops well below the expected thermal value. These "in- 
hibited annihilation" regions can be achieved in various 
ways. Coannihilation is just a possible mechanism, com- 
mon to many DM models (e.g. MSSM, 2HDM), that we 
use solely for illustration purposes. 

Inhibition mechanisms are often a necessary ingredi- 
ent in order to get or extend an allowed region in the 
parameters space of the considered model [JH . The 
general result, however, is that the WIMP's indirect 
detection signal becomes much fainter. 

We will see now that the mere fact of considering the 
global symmetry responsible of the stability of DM as 
an approximate one, due to the presence of gravitational 
effects, leads to new observational signals which allow for 
potentially detectable WIMP-like decaying dark matter. 
To this end, we add to Vgym (Eq. [2]) an effective potential 
that breaks explicitly the stabilizing symmetry through 
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Figure 2: The ry-flux versus DM mass (see text for details). 
We present estimations for 90%, 99%, and no inliibited anni- 
hilation (solid green, red, and black lines resp.). Purple lines 
correspond to decay signal induced by the operator (9g*'^ for 
fixed K5 values. A combined signal annihilation and decay is 
in red doted-dashed line assuming K5 = 3 X 10~* and 99% 
inhibited annihilation. Bound from FERMI on annihilation 
into bb Ho] is also shown. 



non-renormalizable terms suppressed by powers of the 
Planck mass Mpi 10^^ GeV: 



V„ 



n>4 P 



(3) 



where are operators of dimension n that explicitly 
break the stabilizing symmetry and k„ are in general 
complex parameters. This potential clearly leads to the 
decay of Si. Assuming that these corrections are small 
enough to keep the considered WIMP a viable DM can- 
didate, i.e. adequately long induced lifetime, then we 
expect a new genuine signal in regions that were previ- 
ously dark. 

To illustrate the interplay between decay and 
annihilation we consider the following operators 
d(^^ ^YfWFLfRSi, where F is an SM fermion, Yf 
its Yukawa coupling and K5 a free parameter. We 
parametrize the coupling of these dimension five op- 
erators as a scaling factor times a Yukawa as a way 
to model the gravitational effects without claiming a 
deeper motivation. These operators lead to a decay 
lifetime tqm — TT./T^f where 



r/^(MDM) 



DM 



is the DM decay width into a fermions of mass m/ 



(4) 
V is 



is the color number (3 for quarks and 1 for leptons). For 
a 50 GeV DM, we would require K5 to be smaller than 
^ 10^^ in order to fulfill the observational constraints. 

In Fig. [2j we compare constraints for gamma-rays flux 
for DM annihilation and decay assuming that the signal 
comes only from the production of bb through the oper- 
ator Of 

In order to compare the decay and annihilation signals 
we define the ry-flux: 
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where Jasi is the angular averaged line of sight integral 
of the DM density (squared) for decaying (annihilating) 
WIMP. We consider the Jaq reported in Ref. [22] to 
estimate the fluxes. The 77-flux is directly related to the 
observable gamma-rays flux by: 



(6) 



the vacuum expectation value of the higgs boson and Nc 



where dn^/dE is the photon spectrum per single annihi- 
lation (or decay) event. This quantity allows us to com- 
pare on the same footing both annihilation and decay 
signals with FERMI constraints. In our particular case, 
we compare the signal related to the production of bb 
pairs. 

We notice that fluxes coming only from inhibited anni- 
hilations (same regions as in Fig. [T]) lead to signals that 
are faint and well below observational sensitivities of in- 
direct DM searches. In the mass range from 8 to 100 
GeV, inhibited annihilation smaller than 99% exhibit 
some tension with direct detection constrains (Fig. |3|. 
However, after including the signal originating from the 
decay modes, for a "reasonable" choice of the k„ param- 
eters, we can obtain a sizable signal over all the mass 
range. For heavy states (> O(lOO)GcV), FERMI is not 
sensitive enough to probe the thermal annihilation cross- 
section and decay modes naturally dominates the signal. 

Higher order operators are highly suppressed by the 
Planck scale and one would require very large couplings 
(^ 10^°) to be able to see a signal from the decay. Thus, 
the only operators leading to a sizable decay signals are 
of dimension flve. In other words, forbidding dimension 
five operators is enough to ensure a stable WIMP DM 
particle in contrast with the dramatic alteration of the 
axion solution of the strong CP problem by such opera- 
tors HE]. 

We now turn to the direct detection signal. This can 
be calculated in terms of the DM mass and parameter- 
ized by cTgi, as shown in Fig. [3] We note that regions 
with inhibited annihilations are associated with reduced 
values of ctsi- This model-dependent feature is common 
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the WIMP range and weak-scale couplings, accommo- 
date a WIMP thermal production scenario. Operators of 
order six and more do not lead to sizable decays, unless 
very special constructions are considered, and the DM 
candidate can be seen as stable. 

Finally, an unambiguous detection of a mixed state of de- 
cay and annihilation signals may offer a very interesting 
window into Planck scale physics offering an unexpected 
phenomenological ramification of the WIMP paradigm. 
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Figure 3: Spin-independent cross section versus DM mass. 
As in Fig. [l] we present cases where inhibited annihilations 
produce compatible SI cross section thanks to correlations 
with annihilation processes. WIMPs with masses larger than 
8 GeV would produce extremely faint gamma-ray fluxes in 
order to fulfill direct detection constraints. Exclusions from 
XENONIOO gg, CDMS gllig, and EDELWEISS gB] are 
shown. 



to many constructions where Mjjj^i < My^r and annihi- 
lations are dominated by quark final states (cf. ref[17] 
for a particular case). The correlation between crgi and 
{uav) is strong and the inhibition of annihilations is 
translated as a weakening or absence of direct detection 
signal. This correlation is certainly important to enlarge 
the space of parameters allowed within the limits 
established by XENONIOO [15], CDMS [H iS], and 
EDELWEISS [IH] experiments and opens an interesting 
interplay between phenomenologically favored light 
WIMP DM annihilation, decay and direct detection. In 
other words, models allowing inhibition mechanisms of 
the WIMP annihilations suffer from the quasi-absence of 
indirect detection signal. However, taking into account 
new decay channels reopens the indirect detection 
potential. 

Conclusions: In this Letter, we have considered the ef- 
fect of explicit gravitational breaking of the global sym- 
metry protecting WIMP DM stability. We have high- 
lighted the importance of taking into account the rich 
interplay between direct and indirect detection of (de- 
caying) WIMP DM. 

In models where inhibited annihilations are present, the 
expected signal of indirect detection is very faint. How- 
ever, including the WIMP DM decays induced by the 
Planck scale effects, provides an extra source of signal 
making the WIMP DM detectable. On the other hand, 
a large class of decaying DM candidates, with masses in 
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